The mammalian germline is generally assumed to undergo extensive epigenetic reprogramming during embryonic development, including a nearly complete erasure of DNA methylation. This assumption does, however, to large degree rely on data from mouse, and despite a well-grounded picture the general nature of these data needs to be validated by investigations of other mammalian species. This study represents such a contribution in the examination of the germline in the domestic pig (Sus scrofa). Semiquantitative immunohistochemistry was used to investigate the level of DNA methylation in the POU5F1-positive primordial germ cells (PGCs) compared with neighboring somatic cells in porcine embryos at Embryonic Day 15 (E15), E17, E20, E21, and E28. We show that, in agreement with the mouse model, a significantly lower level of DNA methylation was observed in the early migrating PGCs. This level was decreasing until a stage coinciding with the entrance of the PGCs to the genital ridge. After this, the methylation level increased. Using whole-mount immunostaining, we determined the spatial arrangement of the porcine PGCs in the period between E15 and E28, allowing some comparison with the migration of the murine germline. The overall conclusion from the obtained data is that the DNA methylation changes in porcine PGCs, as well as the migration of these cells, parallels the picture reported for the mouse.
INTRODUCTION
Epigenetics is an inherent part of any cell differentiation, providing the appropriate genetic expression program for the individual cell type. The program is carried on upon cell division, certifying that the adult organism has the same appearance and function within each cell type over time in the face of cellular turnover. However, the developing embryo begins with only one cell, the zygote, originating from the fusion of specialized gametes, and it must end up with all of the cell types of an adult. This implies major cellular changes driven by a reprogramming or dedifferentiation of the epigenetic patterns of the parental genomes, a reprogramming already prepared during the development of the egg and the sperm. The preparation entails the establishment of an epigenetic profile guiding the cells to the differentiated state of gametes, but at the same time introducing a genetic repression that can be reverted to release the totipotent state after fertilization. Mouse data show that the epigenetic reprogramming occurring in the developing germ cells is a coordinated event involving numerous mechanisms [1] , some of the most remarkable changes being the alterations in DNA methylation as well as histone modification levels [2, 3] . In the murine PGCs, most of the repressing DNA methylation, including the gender-specific imprints [3, 4] and some repetitive elements [5, 6] , is temporarily erased in the period of migration starting around Embryonic Day 8 (E8). The erasure is completed at E12.5, shortly after the PGCs have entered the genital ridges [6] . Subsequently, new methylation is introduced (reviewed by Lees-Murdock and Walsh [7] ). It is known that methylation in general serves as a repressing mechanism on DNA sequences, whether within or outside the boundaries of the classical genes, although studies of gene expression regulation reveal an increasingly complex picture, impeding any functional conclusions from methylation studies alone. The information gained from genome-wide investigations of DNA methylation is limited to providing a descriptive overview of the overall timing of major waves of changes. Individual sequences can show methylation patterns different from the general picture, as seen for hypermethylated tumour supressor genes in a generally hypomethylated cancer cell genome [8] . Nonetheless, the genome-wide waves of DNA methylation and demethylation are not likely to be functionally insignificant. The vast majority of the methylation identified globally is assumed to be localized to interspersed repetitive elements [9, 10] , and although they are generally not protein coding [11] , evidence is accumulating for their role in evolution and regulation of the mammalian genome (reviewed by Kazazian [12] ). It has, for instance, been shown that the transcriptional activity of a gene can be influenced by the methylation state of a repetitive element through a positional effect [13, 14] . It has yet to be determined to which degree this phenomenon has a practical effect, but because as much as 43% of the mammalian genome is made up of repetitive elements [11] , it is not unlikely that several genes are affected.
Here, we widen the knowledge about the epigenetic reprogramming in the mammalian germline by analyzing the timing of the genomic reprogramming in the porcine PGCs. We performed semiquantitative immunohistochemistry to compare the level of DNA methylation in PGCs and neighboring somatic cells. In addition, we provide the first descriptive overview of the germline migration in the porcine species utilizing whole-mount immunostaining of the wellestablished pluripotency marker POU5F1 (also known as OCT3/4). This enabled us to compare the established timeline to that of murine PGCs.
MATERIALS AND METHODS

Embryo Preparation
At the planned time prior to slaughter, Yorkshire 3 Landrace gilts were inseminated with semen from Duroc boars daily until they showed no sign of estrus. The embryos were collected from the pregnant uteri within 30 min after slaughter. The majority of extraembryonic tissues were discarded, and all embryos were fixed in 4% paraformaldehyde in PBS overnight at 48C. Embryos of less than 22 days of age were staged according to their number of developed somites and were age determined as follows: 10 somites (E15), 20 somites (E16), 25 somites (E16.5), 30 somites (E17), 35 somites (E18), 45 somites (E20), 50 somites (E20.5), and 55 somites (E21). The oldest group (E28) was only assessed by the insemination date. For the mapping of the spatial arrangement of PGCs in the growing porcine embryo, five embryos at E15 and E28, six embryos at E17, E20, and E21, plus one embryo at E16, E16.5, E18, and E20.5, were used. Embryos were dehydrated in methanol and stored at À208C until use.
For the study of DNA methylation, four to five embryos were nonsystematically chosen from five obtained litters at E15, E17, E20, E21, and E28. After fixation, the specimens were stored in 1% paraformaldehyde for up to 1 yr before being dehydrated in xylene, embedded in paraffin, and sectioned through the area containing the primordial germ cells (hindgut of E15, E17, E20, and E21, and gonads of E28). Four 4-lm-thick sections were collected on each Superfrost Plus slide (Thermo Scientific) to ensure a medial section of the PGCs. The slides were heated for 30-45 min at 608C and stored at 48C until further processing.
Animal Care and Use
The embryo specimens used were slaughterhouse material from slaughter animals handled and euthanized according to the Danish Act on Animal Welfare and slaughter regulations. Experimental work with these embryo stages is not due to specific experimental licensing according to EU directive 86/609.
Whole-Mount Immunostaining
Dehydrated porcine embryos were permeabilized at room temperature for 5 h in 4:1:1 methanol:dimethyl sulphoxide (Sigma):H 2 O 2 (30%; Merck) under slight agitation prior to rehydration. Unspecific peptide binding was blocked under slight agitation at 48C for 5 h in 0.25% bovine serum albumin in PBS. The epitopes were exposed by pouring boiling 0.01 M citric acid monohydrate, pH 6.0 (Merck), over the embryos three times, leaving the buffer for 5 min in the first two rounds and 20 min for the last round. The embryos were then quickly rinsed in PBS before incubation overnight at 48C with polyclonal anti-OCT3/4 IgG antibody (1:500; Santa Cruz Biotechnology). After a wash in PBS, the bound primary antibody was detected using the LSABþ Kit (Dako Cytomation) following the manufacturer's instructions, although incubation steps were prolonged to 1 h. After a wash in PBS, the detection was developed by AEC Red system (Zymed Laboratories Inc.). The specific cross-reactivity of the primary antibody to POU5F1 in porcine tissue has been demonstrated previously by preabsorption studies in our laboratory [15] . A negative control for the detection system was performed by omitting the primary antibody. This resulted in all cases in the lack of staining.
One stained embryo of each age E16, E16.5, E17, E18, E20, E20.5, and E21 was subsequently embedded in 3% agarose and sectioned on a mechanical tissue chopper (Warner Instruments Inc.) in sections of approximately 300 lm. Sections and whole embryos were collected and examined under OlympusZoom stereo microscope SZX16.
Immunohistochemistry
Sections were deparaffinized in xylene and rehydrated through descending concentrations of ethanol. The epitopes were demasked by 15 min of microwave boiling of the slides in TE buffer (0.01 M Tris and 0.001 M ethylenediamine tetraacetic acid), pH 8.0 (AppliChem), followed by 15 min of cool down and 15 min of wash in demineralized water. The rest of the staining procedure was performed in Shandon Sequenza (Thermo Scientific) slide racks. Tissue was permeabilized in 1% Triton X-100 and blocked in 2% bovine serum albumin/PBS prior to 1-h incubation with primary antibodies: mouse monoclonal anti-5-Methyl Cytidine (1:100; Abcam) and goat polyclonal anti-OCT3/4 (1:200; Santa Cruz Biotechnology). Negative controls for the anti-5-Methyl Cytidine antibody were incubated with identical concentrations of mouse immunoglobulin G1 (IgG1) raised against Aspergillus niger glucose oxidase (Dako Cytomation). After extended washes, the sections were incubated for 40 min with secondary antibodies: Alexa Fluor 594-conjugated donkey anti-goat IgG (1:250; Invitrogen) and Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:250; Invitrogen). Tissues from embryos of E20 and older were treated with 0.1% Sudan Black (Merck) in 70% EtOH for 10 min before mounting to reduce autofluorescence. Slides were mounted in Fluorescence Mounting Medium (Dako Cytomation), and pictures of areas containing the median section of a PGC were captured in grayscale with a Leica DMRB fluorescence microscope. A total of 5-24 PGCs from each embryo were included in statistical analysis, and five neighboring somatic cells were used as reference in each picture. All depicted somatic cells were chosen for their sharp focus, nonoverlaying appearance, and proximity to the PGC.
DNA Quantification
After the immunohistochemical procedure, the depicted slides were demounted, dehydrated, and rehydrated to remove all remnants of mounting media and emulsion oil. The tissues were subject to a standard Feulgen reaction for quantitative DNA staining [16] . Briefly, the slides were incubated in 5 N HCl for 1 h before incubating 1 h in Schiff reagent (Merck). Slides were subsequently rinsed 10 min in running tap water. After remounting, the region captured with the fluorescence microscope was again localized and recaptured with a Leitz Aristoplan light microscope in grayscale.
Image Analyses
The image analyses were performed using the free-ware ImageJ (National Institutes of Health). The grayscale brightness of the fluorescence staining was measured in each nucleus of interest and related to the inverted grayscale brightness of the chromogenic Feulgen staining, resulting in a value for DNA methylation per DNA content. An average value for the five reference cells in each picture was used to relate the value of the PGC(s) from the same picture. Background measurements were obtained in areas within embryonic tissue but outside cell nuclei.
For each analyzed PGC, it was noted whether or not it was positioned in the genital ridges/gonads.
Statistical Analyses
SAS was used to identify and validate the final model for correlation between the relative DNA methylation in the PGCs and the age of the embryos and to perform a one-way ANOVA using a mixed procedure including the individual embryo as a random effect. The initial two-way ANOVA done on a model also including the location of the PGCs as determining factor was performed similarly. Furthermore, the platform was used for performing a Student t-test to determine whether the PGCs in each group had a methylation level different from the reference cells (e.g., the value 1). Normality of the residuals in the model was assessed graphically on residual andplots in the SAS output.
RESULTS
Genome-Wide Changes in DNA Methylation Level
Semiquantitative measurements of staining intensity in fluorescence-based immunohistochemistry and standard Feulgen reaction were used to determine whether the developing PGCs generally had a decreased level of DNA methylation compared with somatic neighbors (Fig. 1) . This approach only provides a relative measure. Any conclusions on the absolute level of methylation in PGCs would imply the basic assumption that the genome-wide DNA methylation is constant in somatic cells throughout the period investigated. A Student t-test of the DNA methylation per DNA content in the PGCs measured against the reference value in each of the age groups revealed that the methylation level was significantly (***P , 0.001) lower in the PGCs compared with the somatic cells from E15 and onward (Fig. 2) . Furthermore, an ANOVA verified a temporary drop in DNA methylation in the porcine PGCs between Days 15 and 28 after insemination, culminating in E20 embryos, where the level of methylation in the PGCs was 22% of the level in the neighboring somatic cells. The levels of DNA methylation in the E20 and E21 embryos were significantly lower (***P , 0.001) than the level in the E15, E17, and E28 embryos. The initial model for statistical analyses included the position of the single PGC (in or out of the genital ridges/ gonads) in order to determine whether or not the gonadal tissue per se is a determinant factor in the reprogramming. We did not find evidence of such an effect of surrounding gonadal tissue by the statistical analysis because we were not able to distinguish the effect of age of the embryo from the effect of position of the PGC. This implies that the erasure and reestablishment of methylation marks are controlled by an endogenous program in the PGCs independent of the surrounding tissue.
Spatial Arrangement of PGCs in Porcine Embryos
To describe the development and identify the area of the embryo in which the PGCs were positioned during development from E15 to E28, we performed whole-mount stainings of relevant embryos for the established germline marker POU5F1 [15] to visualize the PGCs during their migration. Our results showed that the POU5F1 antibody can be used to obtain an overview of the distribution of the individual PGCs during development in the intact embryo (E15-E19) and/or in sagitally halved embryos (E20-E28; Fig. 3 ).
The appearance of E15 porcine embryos was flat and clearly showed the hindgut formed by the narrowing of the yolk sac opening and lateral narrowing of the resulting tube on the ventral side of the embryo (Fig. 3A) . Each of the E15 embryos examined in this study contained approximately 200 POU5F1-positive cells, of which the vast majority were evenly distributed in the endoderm and mesoderm of the ventral hindgut wall. No putative PGCs were seen laterally of the gut tube. Some were seen around the caudal midline of the yolk sac, in the amnion, and in the allantois. In one of the specimens, two small aggregates of POU5F1-positive cells were observed attaching to the allantoic cavity.
The E17 porcine embryos had prominent flexures and a large anchor-shaped allantois. Both the yolk sac opening and hindgut were further narrowed compared with the younger group, creating a long, slim tube visible below the embryo (Fig.  3C) . The distribution of putative PGCs in the E16, E16.5, and E17 embryos was similar to that seen in the E15 embryos. On visual inspection it did appear that the number of putative PGCs in the hindgut area had increased considerably, whereas the number of PGCs in other locations conversely had decreased (exact data not obtained).
The vertical distribution of POU5F1-positive cells around the hindgut lumen in thick transversal sections of E16, E16.5, E17, E18, E20, and E21 was recorded to determine a possible relation between the longitudinal position of the PGCs along the hindgut and their migrational status. In E16.5, E17, and E18 embryos, we found indication of a difference in the vertical distribution of the PGCs depending on their position on the longitudinal axis. In the caudal end of the embryo, PGCs were evenly distributed around the hindgut lumen, whereas PGCs in the more anterior areas were primarily localized to one of two areas: the ventral tip of the gut tube or laterally at the attachment site to the dorsal body wall, respectively (indicated by circles in Fig. 3D ). The number of PGCs positioned in the latter area seemed to increase slightly with age, but otherwise no obvious differences between the investigated specimens were identified.
In the examined E20 embryos (Fig. 3E) , the PGCs were also found in two distinct areas. A dorsal population was now seen further lateral in the genital ridges (Fig. 3F) , whereas a ventral one was positioned in the hindgut tip, as in the previous stage (data not shown). This was also evident in the group of nonsectioned E21 embryos where the hindgut mesentery had elongated considerably, separating the two subpopulations further (data not shown).
In E28 embryos, the genital ridges were relatively shortened and thickened into very distinct structures: the early gonads. Almost all putative PGCs seen in these embryos were positioned within the well-defined borders of the early gonads (Fig. 3, G and H) . A very small proportion of the POU5F1-positive cells were seen in the intestines (data not shown).
DISCUSSION
The murine germline has been the subject of extensive investigations regarding specification, migration, and epigenetic reprogramming, providing crucial insight into the development of the mammalian germline. However, substantiation of the generalizations made from these observations in mouse through investigations of other mammalian species is still lacking. The present study broadens the knowledge within the mammalian germline biology, providing detailed observations of the spatial and chronological behavior of the migrating PGCs in porcine embryos between E15 and E28, including the description of the epigenetic reprogramming occurring during this period. A description of germline development in the pig is also valuable in its own right because the pig is emerging as an important alternative nonrodent biomedical model (reviewed by Vodicka et al. [17] ).
Here, we report the POU5F1 expression in porcine embryos of E15-E28 using whole-mount immunostainings [15] showed a confinement of the POU5F1 expression to single cells positioned in the endoderm on sections of the early somitestage porcine embryo. These cells coexpressed c-kit, another germline marker known from mouse [18] and human [19] , and thus these cells were concluded to be PGCs. Our study verifies that the POU5F1 expression is indeed confined to the putative germline between E15 and E28. This is, to our knowledge, the first study describing the continuous specific POU5F1 expression in the germline throughout the migratory period, validating its use for tracking this cell line until at least E28. We are currently exploiting this characteristic feature for fluorescence-activated cell sorting of porcine PGCs for sequence-specific investigation of the genomic methylation state.
Our results indicate that the main pattern in germline migration is shared between mouse and pig. However, the precise timing is complicated to compare. Correlation of embryo development of two species is most often based on several morphological parameters, including specific organs, and will always imply compromises. A comprehensive endeavor to compare embryo development in different mammals was published by Dr. Mark Hill [20] . With reference to the work of Theiler [21] and Marrable [22] , he likens an E9.5 mouse to an E15 pig, an E12-E12.5 mouse to an E20-E21 pig, and an E14.5-E15 mouse to an E28 pig. However, when the results from the present study of porcine PGCs are compared with reports from murine studies, we here suggest a displacement of the analogy as presented in Figure 4 . Supplemental Figure S1 (available online at www.biolreprod. org) shows some of the micrographs from which information for Figure 4 is obtained.
Germ cell distribution and general appearance of the hindgut in an E15 pig embryo are most closely resembled by an E8.5 mouse with PGCs distributed in the ventral wall [22] [23] [24] . In both species, the germ cells quickly disperse to the entire circumference of the hindgut. The hindgut and genital ridges in an E17 pig embryo correspond to that of an E9.5 mouse embryo. However, whereas the murine PGCs are moving dorsal and only just penetrating the basal lamina of the endoderm [25, 26] , the porcine PGCs appear distributed randomly all around the hindgut in endoderm and mesoderm. The murine PGCs are seen conducting a quick and joint movement dorsally from the hindgut to the dorsal mesentery around E9.5 [25, 27, 28] . Although a few PGCs are seen in the genital ridge in the E17 embryos, the vast majority resided in the hindgut area at least until E18.
In the E18-E20 pig embryo, the location of the PGC population is similar to that of the E10.5 mouse, where most PGCs are positioned in and around the attachment site of the elongated mesentery, primarily lateral over the well-defined genital ridges [25, 29] . However, porcine PGC distribution is more scattered, with a large part of the population positioned in the lower mesentery and hindgut area. Furthermore, the tubular mesonephric tissue forms voluminous bulges, forcing the genital ridges in toward the midline and effectively discontinuing the linear contact between them and the PGCs in the dorsal mesentery.
The E12 mouse embryo compared with an E20 pig has welldemarcated genital ridges containing the entire PGC population. This resembles pig genital ridges of an E26 embryo [30] . By E28 the porcine PGCs in the early gonads have not yet begun tissue organization, a phenomenon already happening at E12.5 in the mouse. Dr. Hill matched an E14.5-E15 mouse to an E28 pig, leaving the impression that the porcine embryo is slower in development of the genital system than the mouse when compared by other embryonic features.
In summary, it seems that the PGCs in the mouse embryo follow a more structured course than in the pig. After specification, the murine PGCs transit into the endoderm of the developing hindgut, in which they are trapped for several days during initial migration, before escaping in an apparently coordinated manner [25] . The porcine PGCs do not show this constraint. This discrepancy between the species could indicate an underlying difference in the early steps of migration. However, a recent study identified the morphogenetic movements of the expanding hindgut as a major player in the guidance of the PGCs into the embryonic gut domain [31] , thus questioning any active part for the PGCs themselves in this migration. Given that the porcine PGCs, like the murine, have a mesodermal origin, the main difference then seems exhibited in the very first migration of cells into the definitive endoderm. Subsequently, the murine PGCs migrate in a dorsal and, finally, a lateral direction, presumably guided by a coordinated signal expression from surrounding tissue [28] . It is hypothesized that the first PGCs to leave the hindgut endoderm project filopodia directly into the area where the genital ridges will later develop, and migrate to this site where they anchor themselves (around E9). As more PGCs emerge from the hindgut wall, they will project long processes that reach and attach to other PGCs, including the ones anchored in the genital ridges. Hereafter, the cells aggregate, thereby pulling themselves into the genital ridges [27, 29] . Taken together, the population of putative porcine PGCs seems less synchronized than in mouse, and the aggregating approach may not be applicable in this species. However, the mechanism underlying the migration event in the pig embryo remains to be determined. The apparently nonconstrained nature of the porcine PGCs during migration in the hindgut might be a determining factor in the species difference and would be highly relevant to investigate further.
Our semiquantitative determination of DNA methylation levels in PGCs relative to neighboring somatic cells shows that a genome-wide erasure of the DNA methylation is taking place in porcine PGCs as it is in mouse. A significantly decreased methylation level is already observed in the early migrating porcine PGCs at E15. Although the precise ratio of methylation between PGCs and somatic neighbor cells is not directly comparable between the species, the early decrease of DNA methylation is in agreement with the mouse model [3] . The difference in the ratios found in the two studies might be due to methodological differences. The rise in global methylation level observed in porcine PGCs between E20 and E28 cannot 
CHANGES IN DNA METHYLATION IN PORCINE GERMLINE
be directly compared to the mouse because comparable genome-wide murine data are lacking. However, sequencespecific investigations of several genomic elements in the mouse have revealed that the remethylation of these happens at varying time points, but generally not before E15, when the gonads have been colonized by the PGCs for several days (reviewed by Lees-Murdock and Walsh [7] ). Methylation changes of individual sequences in the porcine germline have been addressed for two imprinted genes and a centromeric repeat [32] . The study revealed a decreasing methylation level of the centromeric repeats in both genders from E24 to E28, after which the level further decreases in the female but increases in the male. The late increase in the methylation level of specific sequences is in contrast to the results from the present study. However, because the general methylation level is believed to be deductable from the level of methylation in multiple repetitive elements [33] our data might indicate that the methylation of centromeric repeats is restored later than that of other repeats. Further sequence-specific investigation of the interspersed repeats is required to pursue this conjecture. To verify our findings, we attempted to obtain evidence of the functional component of the methylation dynamics. We were, however, not able to get a successful staining of the methyltransferases DNMT3A and DNMT3L. Staining for DNMT1 was successful but inconclusive. Other studies have indicated that the levels of this protein can be high despite ongoing demethylation [34, 35] , and our staining did indeed show a high level of DNMT1 throughout the period investigated (data not shown).
Interestingly, based on the statistical variable ''localization of PGCs'' and their methylation level at the specific time point, we can conclude that this reprogramming event seems to occur independently from local factors of gonadal tissue. This is in accordance with studies from mouse, where PGCs, without the influence of gonadal tissue, initiated expression of germ cell nuclear antigen 1 (Gcna1) [36] , a gene regulated by DNA methylation [37] .
The general conclusion of the present study is that several features in the PGC migration and epigenetic reprogramming appear to be shared between mouse and pig. Primordial germ cells of both species migrate along the developing hindgut, where they initiate the genome-wide DNA demethylation early during migration. The demethylation continues until a time point coinciding with the entrance into the genital ridges. However, interspecies differences do exist. The porcine PGCs are, in contrast to the murine, not constrained to the endodermal epithelium of the hindgut during the initial migration, and their migration is, perhaps as a consequence thereof, more scattered and seemingly less coordinated. Furthermore, the pig seems to have a delayed genital development compared with the mouse, although global DNA remethylation appears to happen earlier in porcine PGCs than in mouse PGCs.
